The Arabidopsis thaliana genome encodes a small family of histidine (His) protein kinases, some of which have redundant functions as ethylene receptors, whereas others serve as cytokinin receptors. The most poorly characterized of these is authentic histidine kinase 5 (AHK5; also known as cytokinin-independent 2, CKI2). Here we characterize three independent ahk5 mutants, and show that they have a common phenotype. Our results suggest that AHK5 His-kinase acts as a negative regulator in the signaling pathway in which ethylene and ABA inhibit the root elongation through ETR1 (an ethylene receptor).
Among plant signal transduction systems, the histidylaspartyl (His-Asp) phosphorelay (or two-component system) in Arabidopsis thaliana is a paradigm of signaling cascades (for a review, see Mizuno 2005 , and references therein). Central to the His-Asp phosphorelay is a set of His protein kinases (HKs), of which authentic histidine kinase 2 (AHK2), AHK3 and AHK4/CRE1 serve as sensors (or receptors) for cytokinin. The redundant cytokinin receptor HKs phosphorylate the downstream authentic histidine-containing phosphotransmitters (AHPs) and subsequently the authentic response regulators (ARRs; for a review, see Kakimoto 2003) , while the ethylene receptor HK family members (e.g. ETR1, ethylene resistant 1) are atypical in that they modulate the function of the downstream component CTR1 (constitutive triple response 1), which does not belong to the His-Asp phosphorelay family (for reviews, see Stadler 2001, Guo and Ecker 2004) . Another HK family member, AtHK1, has been characterized as a putative osmotic sensor (Urao et al. 2001) . While CKI1 (cytokinin independent 1) was originally implicated in cytokinin-mediated signaling (Kakimoto 1996) , it was then suggested that this HK is crucial in the process of female gametophyte development (Pischke et al. 2002 , Hejatko et al. 2003 . The least characterized HK family member is AHK5 (also known as CKI2), and there is no information available in the literature on the physiological role of AHK5 in plants. Here, we characterized three independent ahk5 mutants, which had a characteristic common phenotype. On the basis of our observations, we suggest that AHK5 His-kinase regulates root elongation through an ETR1-dependent ABA and ethylene signaling pathway.
The first question we attempted to answer was whether AHK5 is capable of serving as a His-kinase per se. When the AHK5 gene was introduced into an Escherichia coli assay system in order to measure its His-kinase activity , the AHK5 gene product had a considerable level of His-kinase activity in E. coli cells (Fig. 1A) . In this experiment, the AHK3 gene, which encodes a cytokinin receptor, was used as a control. As expected, the His-kinase activity of AHK3 in E. coli was dependent on cytokinin in the growth medium, whereas the activity of AHK5 was independent of cytokinin. It should also be noted that AHK3 activity was not induced in the presence of ABA, whereas that of AHK5 was unaffected (Fig. 1B) .
To understand the physiological role of AHK5, semiquantitative measurement of AHK5 transcripts in different organs was carried out using reverse transcription-PCR (RT-PCR) (Fig. 1C) , and a GUS (b-glucuronidase) reporter assay with several independent AHK5::GUS transgenic lines (data not shown). The results of this study consistently suggested that AHK5 was predominantly expressed in roots (and weakly in flowers), but not in leaves. Given this observation, in the present study we decided to investigate the phenotypes of ahk5 mutants with special reference to roots.
Three independent homozygous AHK5::T-DNA insertion mutant lines were established by obtaining candidate seeds from public resources (the SALK Institute and the Kazusa DNA Institute) ( Fig. 2A) . The mutant lines were designated ahk5-1, cki2-1 and ahk5-2. Each T-DNA insertion point was confirmed by direct nucleotide sequencing. We analyzed these mutants with regard to the production of AHK5 transcripts in plants by using RT-PCR analyses with appropriate primers. No intact (full-length) transcripts of AHK5 were detected in ahk5-1, ahk5-2 or cki2-1 (data not shown), indicating that these mutant AHK5 genes were defective. Even if they were not null mutants, each of these alleles would produce a severely defective AHK5 molecule, because these insertions disrupted at least the essential receiver domain at the C-terminus. In principle, this issue remains to be clarified at the protein level. In order to obtain consistent results with regard to the phenotypes of the mutants, we examined the three mutants with different backgrounds (Col and Ler) simultaneously. Homozygous ahk5-1 and cki2-1 mutant plants grew well on both MS agar plates and soil, and set seeds normally, in the same way as their corresponding wild-type plants (Col and Ler, respectively) . In contrast, the isolated homozygous ahk5-2 plants had a dwarf phenotype. Subsequent genetic backcrosses indicated that the dwarf phenotype was due to a mutation other than ahk5-2 because, although they were very closely linked, the dwarf phenotype and the ahk5-2 allele segregated (data not shown). We then closely examined the phenotypes of the ahk5 mutants with special reference to the roots, mainly employing ahk5-1 and cki2-1 in order to obtain consistent results.
A well-established general biological assay involving roots is the study of hormone-mediated inhibitory effects on root elongation. Wild-type (Col, Ler) and mutant plants were grown on vertically orientated MS agar plates containing various concentrations of hormones, and the lengths of the resulting primary roots were measured. The mutants were not affected in any unusual way by cytokinin (trans-zeatin) or auxin (IAA) under the conditions used in these assays (data not shown). In contrast, the roots of ahk5-1 were markedly hypersensitive to both ABA and ethylene precursor [1-aminocyclopropane-1-carboxylate (ACC)], as compared with the wild type, Col (Fig. 2B ). Essentially the same phenotypes were observed for cki2-1 and ahk5-2 as seen for ahk5-1 under the same The AHK5-coding cDNA sequence was cloned into an E. coli expression vector. With this vector, together with an AHK3-expressing vector, assays for His-kinase activity were carried out by measuring the b-galactosidase activity of the host E. coli cells, which were grown in the presence of iso-pentenyl adenine (iP) and ABA, as shown in (A) and (B), respectively. The experiments were carried out as described previously ). (C) Organ-specific expression of AHK5. This analysis by means of RT-PCR with appropriate primers was carried out for RNA samples prepared from the indicated organs.
conditions ( Fig. 2C, D ). Given these very consistent phenotypes, together with the reasonable assumption that cki2-1 most probably represents a null allele (see Fig. 2A ), we then concluded that AHK5 is involved in certain hormone responses (i.e. to ABA and ethylene) that lead to inhibition of root elongation. However, a genetic complementation experiment remains to be conducted to verify this. The canonical ABA-mediated signaling pathway has already been well documented with regard to its role in the regulation of seed germination (or dormancy) (for a review, see Finch-Savage and Leubner-Metzger 2006). The signaling components involved are ABI1/ABI2 (abscisic acid insensitive1/2), ERA1 (enhanced response to abscisic acid), ABI3, ABI4 and ABI5 (for each gene and/or mutant allele, see Finkelstein et al. 2002 , Koornneef et al. 2002 . The interesting question here is whether or not AHK5 is integrated into this canonical pathway in seeds. To answer this question, using Col, Ler, ahk5-1 and cki2-1 seeds, the processes of germination and greening were followed on MS agar plates in the presence and absence of external ABA (0.3 mM). The germination and greening of the test plants were assessed with reference to the well-characterized ABA signaling mutants era1-2 and abi4-1. We observed that the ahk5-1 and cki2-1 seeds both underwent germination and greening in a manner very similar to Col and Ler (data not shown). Under the same conditions, the era1-2 and abi4-1 mutant seeds displayed the expected phenotypes (hyper-and hyposensitiveness to ABA, respectively). However, the era1-2 and abi4-1 plants were indistinguishable from the wild type with regard to the inhibition of root elongation by ABA. These observations suggest that the ABA signaling pathway responsible for the inhibition of root elongation is distinct from the canonical ABA signaling pathway, and that AHK5 acts on (or close to) this alternative ABA signaling pathway in roots.
The canonical ethylene-mediated signaling pathway has also been well documented with respect to its role in the so-called triple responses that are observed during the apical development of seedlings (for a review, see Guo and Ecker 2004) . Several downstream signaling components have been identified in this particular signaling pathway. They include ETR1 (and other homologous ethylene receptors), together with CTR1, EIN2 (ethylene insensitive 2) and EIN3. The question again is whether AHK5 is integrated in this pathway in the apical parts of seedlings. We carried out triple response assays using the etr1-1 mutant as a reference strain (Chang et al. 1993 ). We found that there was no interaction between the ahk5-1 mutation and the canonical triple responses, as judged on the basis of the hypocotyl lengths of ethylene-treated seedlings (Fig. 3, left) . However, in the root elongation assay, the etr1-1 mutant had a hyposensitive phenotype (Fig. 3, right) . These findings suggest that AHK5 might be involved in an ethylene The ahk5 mutant lines were subjected to assays to study the inhibition of root elongation in response to a set of plant hormones, as described previously (Suzuki et al. 2002) , with slight modifications (see Materials and Methods). The results for ABA and ACC are shown for ahk5-1 (B), cki2-1 (C) and ahk5-2 (D), as indicated.
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receptor-mediated (i.e. ETR1-dependent) signaling pathway that is specific for roots. To assess this hypothesis, we conducted further experiments that we rationalized as follows. During our research, we found that Beaudoin et al. (2000) and Ghassemian et al. (2000) had independently addressed the issue of the interaction between ABA and ethylene signaling cascades in roots. The two groups reached essentially the same conclusion, i.e. that the ABA-mediated inhibition of root elongation requires a functional ethylene signaling cascade, although this inhibition is apparently not mediated by an ABA-induced increase in ethylene biosynthesis. This previously proposed model is shown schematically in Fig. 4A , the essence of which is that ABA signaling, involving ABI1/2, somehow branches off from the canonical pathway, and is integrated into the ethylene signaling cascade that negatively regulates the elongation of roots. The crucial integration points of the ABA and ethylene signaling pathways are the ethylene receptors, including ETR1 (this model was drawn from the substantially similar results of Beaudoin et al. 2000 and Ghassemian et al. 2000) .
To place AHK5 with reference to this interesting ABA/ethylene-mediated signaling pathway in roots, the phenotype of cki2-1 was examined in the presence of an appropriate concentration of AgNO 3 (10 mM), a potent inhibitor of ethylene receptors. The results of this epistatic analysis through chemical genetics revealed that the inhibitor partially counteracts the effect of ABA on root elongation in the Ler background. This observation was consistent with the model shown in Fig. 4A . More importantly, the phenotype of cki2-1 with regard to root elongation was significantly masked in the presence of AgNO 3 (Fig. 4B) . Essentially the same events were seen for another combination of Col and ahk5-1 with different concentrations of AgNO 3 (5 or 10 mM). In other words, the masking effect was also seen for this combination, to an extent that was dependent on the concentration of AgNO 3 used (data not shown). These results suggest that AHK5 functions as a negative regulator in the signaling pathway where ethylene and ABA inhibit the root elongation through ethylene receptors. Fig. 3 Characterization of ahk5-1 with reference to the canonical ETR1-dependent ethylene signaling pathway. Using the wellcharacterized etr1-1 mutant as a reference, the ahk5 mutant was examined with respect to the triple responses in its apical parts to ethylene, as well as the inhibition of elongation in roots by ethylene, as indicated. Assays for triple responses were carried out by measuring the lengths of hypocotyls, in accordance with standard procedures (Guzman and Ecker 1990) . Assays for root elongation were carried out as described in the legend of Fig. 2 . (2000) and Ghassemian et al. (2000) both proposed this model, by which the mechanisms underlying the inhibition of root elongation by both ABA and ethylene were best explained. The schematic view in (A) is exactly as shown in their reports. We propose in the present study that AHK5 acts as a negative regulator of this signaling pathway via an as yet unknown mechanism, as also indicated (for detail, see the text). (B and C) Given this model, assays for the inhibition of root elongation by ABA were carried out as described above in the presence and absence of 10 mM silver nitrate (AgNO 3 ), which is a potent inhibitor of ethylene receptors including ETR1. This assay was carried out exactly in accordance with the procedures of Ghassemian et al. (2000) . Beaudoin et al. (2000) and Ghassemian et al. (2000) and us, and illustrates how AHK5 mutation affects the sensitivity of the root elongation to both ABA and ethylene. We do not know anything about the molecular mechanism by which AHK5 negatively modulates the ETR1-dependent signaling cascade. Considering the fact that AHK5 and ETR1 are both HKs with highly homologous structures, AHK5 might directly interact with ETR1 to modulate its function. Alternatively, the target might be CTR1, which has a potent ability to interact physically with ETR1 (Clark et al. 1998 , Huang et al. 2003 . One can envisage many other alternatives, in which an as yet unidentified phosphorelay pathway via the HK activity of AHK5 is involved. Indeed, AHK5 seems to have the ability to phosphorylate the AHP phosphorelay intermediates (Fig. 1) , as also suggested previously (Ma¨ho¨nen et al. 2006) . In any case, it is tempting to take the view that AHK5 serves as a sensor for an as yet unidentified physiological stimulus, which is integrated into ABA and ethylene signaling in roots.
In conclusion, better understanding of AHK5 will provide us with a paradigm of higher order networks, into which multiple environmental stimuli (e.g. ABA, ethylene and an unknown signal) might be integrated through a set of HKs, among which ETR1 serves as an important hub (see Fig. 4A ). In this context, it may also be worth mentioning that rice, a model monocot, also has a highly homologous HK (Ito and Kurata 2006, Pareek et al. 2006) . In short, the results of this study shed new light on a unique physiological role of the least characterized His-kinase, AHK5, in higher plants.
Materials and Methods

Escherichia coli strains and plasmids
To clone the full-length AHK5 gene, the N-and C-terminal regions of AHK5 were amplified from an A. thaliana cDNA library using primers as follows: AHK5-F1, 5 0 -catatggagactgatcagattg-3 0 and AHK5-R2, 5 0 -gctgcagctgtctgtagc-3 0 ; and AHK5-F3, 5 0 -ccaa gagaagtagtgaagcatgtgc-3 0 and AHK5-R4, 5 0 -catatgtcagtgcaaa tactgttgcaaacactc-3 0 , respectively. The fragments were separately cloned into a TA cloning vector, pT7Blue (Novergen), and then combined to form the full-length AHK5 gene in an expression vector, to yield pSTV29-AHK5 (TAKARA BIO INC.). The plasmid pSTV29-AHK5 was used for assaying HK activity in E. coli, as described previously .
Plant materials and growth conditions
The A. thaliana lines used in this study were derivatives of Col or Ler. The ahk5-1 allele was derived from the SAIL_50_H11 T-DNA insertion line (Col background; Sessions et al. 2002) , the ahk5-2 allele from the SALK_076188 T-DNA insertion line (Col background; Alonso et al. 2003 ) and the cki2-1 allele from the Kazusa No. 622T-DNA insertion line (Ler background). etr1-1 was provided by Dr. C. Chang (University of Maryland) (Chang et al. 1993) . abi1-1 (Ler), abi2-1 (Ler), abi3-1 (Ler), abi4-1 (Col) and era1-2 (Col) were provided by Dr. T. Hirayama (RIKEN) (Nishimura et al. 2004 , and references therein). abi5-1 (Col) was provided by Dr. E. Nambara (RIKEN). Plants were grown under continuous fluorescent light conditions at 228C on agar plates containing a one-half concentration of MS salts, 0.05% 2-morpholinoethanesulfonic acid and 1% sucrose, pH 5.7, unless otherwise noted.
Semi-quantitative RT-PCR
Total RNA was isolated from various organs and/or tissues of Arabidopsis by using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). First-strand cDNA was synthesized from 1.5 mg of total RNA, pre-treated with RNase-free DNase using an RNA PCR Kit (AMV) Ver. 2.1 (TAKARA SHUZO CO. LTD, Kyoto, Japan) with a poly(dT) 15 primer, in accordance with the manufacturer's instructions. Semi-quantitative RT-PCR was performed with a 1/40 volume of the first-strand reaction mixture and gene-specific primers, 5 0 -ccaagagaagtagtgaagcatgtgc-3 0 and 5 0 -catatgtcagtgcaaatactgttgcaaacactc-3 0 , for detection of the AHK5 expression level.
Inhibition of root elongation assay
The procedures used to assay inhibition of root elongation were essentially the same as those described previously (Suzuki et al. 2002) , with slight modifications. At least 20 seedlings for each sample were germinated and grown on hormone-free MS agar plates for 4 d, and then transferred to MS agar plates that included various concentrations of ABA, trans-zeatin, IAA or ACC. If necessary, 5 or 10 mM silver nitrate was added. Seedlings were grown for 4 d, and root lengths were measured.
